Nutrient use efficiency and environmental losses have been investigated for various farm systems in the United States and Europe with IFSM (Powell and Rotz, 2015; Rotz et al., 2006; Chianese et al., 2009) . The model has been extensively tested across a range of different farm management scenarios from a Dutch dairy farm to an 'average Pennsylvania' dairy farm. In previous studies, the model has been extensively calibrated and evaluated against measured data (e.g. Rotz et al., 2006; Rotz et al., 2014) .
The Integrated Farm System Model (IFSM) has been used extensively to predict environmental and economic outcomes of different dairy farm management strategies (Rotz et al., 1999; Rotz et al., 2002; Rotz et al., 2006; Garcia et al., 2008; Rotz et al., 2014; Powell and Rotz, 2015) . While some of these studies focused on animal nutrition and feed aspects of dairy farming, other studies investigated environmental losses, and nutrient use efficiency. The IFSM model has been applied to a wide variety of farming systems. For instance, IFSM predictions compared favorably with measurements from the intensively monitored Dutch "De Marke" experimental dairy farm in simulations to compare conventional nutrient management methods with nutrient conservation techniques-encompassing everything from barn and manure storage management to field application (Aarts et al., 2000; Hilhorst et al., 2001; Rotz et al., 2006) . In general, however, there have been limited field data to comprehensively corroborate IFSM output for shallow disk injection and different manure storage options.
Verification of IFSM predictions at a field scale
IFSM can be used as a 'farm field' model, as opposed to the whole dairy farm simulation, in which only the field component of the farm is simulated. This allowed for verification of IFSM predictions with field data. Farm field simulations were developed to closely reflect the field conditions in which the lysimeter data were collected. A 10 ha field with a corn silage and rye cover crop rotation was simulated, with all manure imported to the farm and all silage exported. The field received both spring and fall manure applications.
The sensitivity of IFSM's field N cycling routines to soil texture requires particular note.
Increasing the clay content of a soil substantially increases denitrificaiton, decreases the NO 3 concentration in leachate, and decreases total N lost via leaching. Conversely, decreasing the clay content of the simulated soil increases the N lost by leaching and increases the NO 3 concentration in leachate. For simulation purposes the soil textural properties for a Hagerstown silt loam were used (23.7% clay, 61% silt, 15.3% sand) (NRCS, 2016) .
Field scale verification
Field measurements and IFSM predictions of corn silage yield were consistent, particularly when IFSM results were extracted for 2013 to compare directly with the period of time of the field study (Table 1) . Notably, IFSM predictions of environmental N losses were much better aligned for broadcast application of manure than they were for manure injection.
IFSM appeared to be more sensitive to the effects of management on environmental losses of N, compared with field measurements. The average environmental losses of N measured in the field for broadcast manure application were only 15.3% lower than those predicted by the IFSM.
However, the average environmental losses of N measured for manure injection were 85.9% lower than what was predicted by IFSM. In some cases, these differences may be due to partial measurement of certain pools in the field (e.g. NO 3 leaching, NH 4 volatilization). Elsewhere the differences are more difficult to explain. The large discrepancy in 'unaccounted N' (2 to 8 fold more in the field measurements) suggests limitations of the field measurement protocols in representing all of the environmental N loss pathways simulated by IFSM.
Nitrate in Leachate and Overland Flow
The largest difference between modeled and measured data was in the greater prediction (> 1 order of magnitude) of NO 3 leaching losses by IFSM (Table 1) . As reported by Duncan et al. (2016) , the field measurements are likely under-estimating NO 3 leaching as the lysimeters were set up to measure shallow lateral flow (i.e., shallow groundwater exiting the fields at approximately 0.5-1 m depth), not vertical percolation as predicted by IFSM. Furthermore, the model predicted much higher NO 3 leaching losses for manure injection than for broadcast application (110 vs 71 kg ha -1 respectively), while measured leaching losses in the field were similar (4 vs 5 kg ha -1 respectively). The potential for increased leaching losses from injected manure is possible, but is not reflected in the field data discussed here, nor is it verified in other studies of shallow disk injection (Rotz et al., 2006; Powell et al., 2011; Dell et al., 2012) .
Overland flow is often ignored as an environmental pool for N as it is such a small pathway of N loss. Measured NO 3 loads in overland flow, or surface runoff, were small as predicted by IFSM or measured in the field. But, measured field losses were more than an order of magnitude lower than those predicted by IFSM (Table 1) . Other studies (Dowdell et al., 1987; Houlbrooke et al., 2004) , have measured losses of NO 3 in surface runoff that were much more comparable to IFSM. Notably, relative differences in NO 3 loss in surface runoff were similar for both manure injection and broadcast treatments, whether modeled or measured in the field.
Ammonia and Nitrous Oxide Emissions
The trend in NH 3 volatilization for the two treatments was similar for the modeled and measured data, with NH 3 losses from the broadcast treatment over an order of magnitude higher than from the injected treatment. Predicted and measured data agreed well for the manure injection treatment, but IFSM predicted approximately 1/3 less NH 3 volatilization than was observed for the broadcast treatment.
In the case of N 2 O, IFSM predicted much higher emissions from both treatments than were measured (Table 1) . Also, the model predicted similar nitrification and denitrification emissions (N 2 O, N 2 and NO) for both treatments (23.7 and 25.7 kg ha -1 for broadcast and inject respectively) but measured N 2 O emissions from the injected treatment (6.6 kg ha -1 ) were about twice as high as from the broadcast treatments (2.6 kg ha -1 ). Field measurements were restricted to 3-4 month periods following manure application. Measurements may have missed wet periods in which IFSM predicted emissions that may have affected the overall losses from the two treatments.
Manure management scenarios
The Integrated Farm System Model was used here to simulate two different manure application methods and their respective impacts on Nutrient Use Efficiency (NUE), farm nutrient balances and manure application methods at a whole farm scale over 25 years of weather. The 100-cow dairy farm included 80 other young stock and had a land base of 80 ha (60 ha corn, 20 ha alfalfa) with an average of 14 ha of corn silage double dropped with a winter rye crop. The remaining corn area (average of 33 ha) was harvested and fed on farm as corn grain.
All silage was stored in bunker silos. The alfalfa stands were maintained for four years and then rotated to corn, and rye was used as a mulch cover crop following corn silage. This farm represents a typical Pennsylvania dairy farm, and simulations of a similar size have been made previously (Rotz et al., 2006; Rotz et al., 2011) .
The cows were housed in a free stall barn throughout the year. They were fed mixed rations of alfalfa silage and corn silage. The manure was removed daily and stored as slurry for up to 6 or 12 months in an above-ground, bottom-loaded tank. Manure was either broadcast or injected on cropland in the spring and/or fall depending on the scenario being modeled. For all operations with manure storage, manure was applied by a custom applicator. This is a common practice for farms of this size in Pennsylvania.
Scenarios were developed to evaluate a gradient of manure storage capacities and their interaction with field application methods including no storage or daily haul; 6 month storage with and without manure injection and 12 month storage with and without manure injection. For the 6 month manure storage scenario, broadcast and disk injection applications were simulated in the spring and fall, whereas, for the 12 month storage, manure was applied once only in the spring before planting. Unaccounted N 26.7 57.8 15.2 65.9 185.9 286.5 N Use Efficiency = N removed/N imported *Fall and spring emissions ^ Significant treatment differences, one-way ANOVA P < 0.05 1  Table S2 . Annual average farm economics for each simulation in dollars. 2 3 -------------Broadcast--------------------Injection------- 
